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Introduction
Osteoporosis (OP) is a systemic metabolic skeletal disease, characterized by reduced bone mass and microarchitectural deterioration of bone tissue, leading to increased bone fragility and susceptibility to fractures [1] . According to data released by the World Health Organization (WHO), osteoporosis affects approximately 75 million people worldwide [2] . The incidence of osteoporosis commonly occurs in postmenopausal women due to estrogen deficiency, which is known as a critical factor impairing cancellous metaphyseal bone and reducing bone mineral density (BMD) [3] . Estrogen deficiency results in a marked bone loss due to imbalance between osteoclastic bone resorption and osteoblastic bone formation [4] . Despite major advances in current anti-osteoporotic agents suppressing osteoclastic bone resorption (e.g., bisphosphonates) or stimulating osteoblastic bone formation (e.g., the growth factors, hormones) [5] , the side effect of these agents could not be ignored [6] . Therefore, there is an urgent need to find new drugs for prevention and treatment of osteoporosis-associated fracture.
The fundamental cause of postmenopausal osteoporosis is enhanced osteoclastic bone resorption and impaired osteoblastic bone formation [7] . Bone formation is mediated by osteoblast, which is derived from mesenchymal stem cells (MSCs) [8] . MSCs are pluripotent cell type that can differentiate into several distinct lineages, including osteoblasts driven by runt-related transcription factor 2 (Runx2), and adipocytes driven by peroxisome proliferator-activated receptor γ (PPARγ) [9] . Runx2 and PPARγ are under a delicate regulation to specify the alternate cell fates of MSCs [10] . Transcriptional coactivator with PDZ-binding motif (TAZ) is involved in this delicate regulation by co-activating Runx2-dependent gene transcription while simultaneous repressing PPARγ-dependent gene transcription [11] . These effects occur through direct interaction between TAZ and Runx2 or PPARγ. TAZ contains a 14-3-3 binding motif, a WW domain, a transcriptional activation domain, and a C-terminal motif that can interact with PDZ domain-containing proteins [12, 13] . The WW domain of TAZ binds strongly to the PPxY motif (Pro-Pro-X-Tyr) in Runx2 and transcriptionally activates Runx2-driven genes [14] . In contrast to the stimulatory effect, TAZ binds to but markedly inhibits the ability of PPARγ to drive the expression of fat cell genes such as adipocyte protein 2 (aP2), and depletion of TAZ in MSCs dramatically increases their adipogenic potential [15] . Therefore, TAZ functions as a molecular rheostat that modulates MSCs differentiation and stimulates bone development while simultaneously blocking the differentiation of MSCs into fat. In the present study, we examined the effect of lentivirus-mediated TAZ gene transduction on the phenotypes of an ovariectomized (OVX) rat model of osteoporosis. We found that the bone mineral density (BMD), ultimate force, stiffness, bone volume per tissue volume (BV/ TV), trabecular thickness (Tb.Th), trabecular number (Tb.No) were significantly increased after TAZ was overexpressed, whereas trabecular separation (Tb.Sp) was dramatically decreased. Our results demonstrated that TAZ gene therapy alleviated the osteoporotic phenotypes in the femoral neck region of ovariectomized rats, providing a novel strategy for prevention and treatment of postmenopausal osteoporosis and osteoporosis-associated fracture.
Materials and Methods

Animal and Treatments
Six-month old female Sprague-Dawley (SD) rats were housed in an air-conditioned room at 23 ± 1°C, 55%-60% relative humidity, with a 12 h light/dark cycle. Rats were anesthetized with 10% of chloral hydrate and ovaries were removed bilaterally. A sham operation, during which the ovaries were just touched with forceps, was performed in the sham group. Three months after surgery, rats were divided into 4 treatment groups (n = 6): (1) OVX (no treatment); (2) OVX-drill; (3) OVX-LentiCherry (lentivirus expressing Cherry); (4) OVX-LentiTAZ (lentivirus expressing TAZ). Lentivirus (2 × 10 9 UT/ml) was mixed with AteloGene (CosmoBio, Japan) at ratio of 1:1, and 5 μl of lentivirus mixture were injected into the femoral neck of the rats. All groups were observed for three months. At the indicated time points, body weight and femoral neck BMD of the rats were examined. Blood was collected via the vena ophthalmica, urinary and serum parameters were determined using ELISA. The femoral necks of the rats were dissected for biomechanical parameters determination and staining analysis. All animal experiments were carried out according to the guidelines of the Xi'an Jiaotong University Animal Care and Use Committee.
Biochemical Analysis of Serum and Urine Specimens
The blood and urine of the rats were collected. The levels of serum alkaline phosphatase (ALP), triglyceride (TG), cholesterol (CHO) and urinary hydroxyproline (HOP) concentrations were measured on an automatic analyzer (Ciba-Corning 550, USA) using a diagnostic reagent kit. The levels of serum OCN concentrations were measured using commercially available kits (Shanghai Haling biological technology, PR China). Serum levels of C-terminal cross-linked telopeptides of type I collagen (CTX) were measured using ELISA kit (Immunodiagnostic Systems, Boldon, UK).
Bone Mineral Density Measurements
The BMD of the right femoral neck was measured using dual-energy X-ray absorptiometry scanner (DEXA, GE Healthcare, USA) for bone density assessment in small laboratory animals mode. Calibration of the instrument was conducted as recommended by the manufacturer. Quality control with BMD (0.0553 g/ cm 2 ) and percentage fat composition (16.7%) of the phantom were performed each time the instrument was switched on. The measurements were expressed as grams of mineral contents per cm 2 of surface area. All rats were placed in the same direction.
Mechanical Testing Experiment
The left femurs were slowly thawed at room temperature. The femurs were submitted to a threepoint bending test using a material testing machine (MTS 858 Mini Bionix II, MTS Systems Corp., USA). Each femur was placed in the machine with two support points and loaded at a speed of 2 mm/min. In the movement of the central loading point, the load and displacement were recorded until the specimen was broken. Using the load deformation curve, biomechanical parameters including the ultimate force and stiffness were calculated.
MicroCT Analysis
The right femur was fixed in 10% ethanol and was scanned at 8-mm resolution using a Scancom CT-35 instrument (Scanco Medical). Bone parameters including BV/TV, Tb. Th, Tb. No, and Tb. Sp were calculated using Scanco software to analyze the trabecular region of the femoral neck.
Immunohistochemistry Analysis
After MicroCT scanning, the 4 μm-sections of femoral neck were prepared, and was stained using hematoxylin and eosin (H&E). The expression of TAZ was evaluated using immunohistochemical analysis. Briefly, the endogenous peroxidase activity was blocked using 3% H 2 O 2 for 1 h, followed by incubation with 5% Serum-Free Protein Block and then primary antibody anti-TAZ (1:100) at 4°C overnight. Immunodetection was performed in a 3-step protocol, using streptavidin-horseradish peroxidase complex, with visualization by 3,3-diaminobenzidine.
Realtime PCR
Total RNA was obtained from the femoral neck of the rats using Trizol (Invitrogen). Quantitative realtime PCR was performed in BioRad CFX96 real-time PCR system, using SYBR Premix EX Taq (TaKaRa). Gene expression was quantified by the comparative 2 -ΔΔCt method using the GAPDH gene as normalization control. Melting curves were used to check for PCR specificity. The primer sequences were as follows: TAZ: 5'-agg atc agg atg cgt caag-3' and 5'-cca aag tcc cga ggt caa-3'; GAPDH: 5'-gaa agc tgt ggc gtg atgg-3' and 5'-gta ggc cat gag gtc cacca-3'; Runx2: 5'-cag gtt caa cga tct gag att tgt-3' and 5'-tga aga ccg tta tgg tca aag tga-3'; OCN: 5'-agg acc ctc tct ctg ctcac-3' and 5'-gct cac aca cct ccct-3'; PPARγ: 5'-ctg tga agt tca atg cac tgg aat-3' and 5'-atg ggc ttc acg ttc agcaa-3'; aP2: 5'-tcc ttc aaa ctg ggc gtg gaa-3' and 5'-cca ggg tta tga tgc tct tcact-3'.
Results
Osteoporotic phenotypes induced by ovariectomy (OVX)
To examine the in vivo effects of TAZ gene transduction on estrogen deprivation-induced osteoporosis in rats, OVX was performed at the age of 6 months. 3, 4, 5, or 6 months after OVX was performed, serum and urine were collected for determination of bone formation indicators (ALP and OCN) and bone resorption indicators including serum C-terminal crosslinked telopeptides of type I collagen (CTX) and urinary hydroxyproline (HOP). As shown in Fig. 1A , the concentration of ALP were increased to 150 U/l approximately 3 months after OVX, and the extent of increase became bigger in month 4, 5, and 6. Similarly, the change of OCN after OVX was consistent with that of ALP (Fig. 1B) . Bone resorption indicators including serum CTX and urinary HOP were quantified. As shown in Fig. 1C and D, serum CTX levels and urinary HOP levels were significantly elevated after OVX.
Then the femurs of the rats were collected at the indicated time points for determination of BMD, biomechanical parameters and histomorphology analysis. As shown in Fig. 1E , the BMD of femoral neck decreased significantly 3 months after OVX. Three-point bending test demonstrated that ultimate force and stiffness downregulated obviously after OVX (Fig. 1F and G). H&E staining confirmed the microarchitectural of femoral necks after the rats were ovariectomized (Fig. 1H) . Therese results collectively demonstrated that after OVX the rats displayed apparent osteosteoporotic phenotypes, and were suitable for validating the role of TAZ in vivo.
Lentivirus-TAZ administration mediated efficient gene delivery in the rat femoral necks
We packaged lentivirus overexpressing TAZ or Cherry (used as negative control) and injected the lentivirus into the femoral neck of ovariectomized rats. The flow plan of the procedures was shown in Fig. 2A . At the indicated time points after lentivirus was administrated, the RNA and protein were extracted from the femoral neck to confirm the efficiency of TAZ overexpression. As shown in Fig. 2B , the mRNA levels of TAZ in the femoral neck of OVX-TAZ rats were significantly higher than controls during the time window we detected. The protein levels of TAZ were consistent with the mRNA results (Fig. 2C) . Immunohistochemistry results further confirmed the overexpression of TAZ in the femoral neck of OVX-TAZ rats (Fig. 2D) 3 months after OVX. Collectively, these results confirmed the efficiency of TAZ gene transduction mediated by lentivirus.
Local lentivirus-TAZ administration did not affect systemic biochemical indicators of bone formation and resorption
After the overexpression of TAZ was validated, we further detected the levels of biochemical indicators of bone formation and resorption. As shown in Fig. 3A and B, the At the indicated time points after OVX was performed, urine of differently treated rats were collected for determination of HOP using an automatic analyzer. (E) At the indicated time points after OVX, the BMD of the right femoral necks of differently treated rats were measured using DEXA. (F) The ultimate force of the left femoral necks was detected using a three-point bending test. (G) The stiffness of the left femoral necks was detected using a three-point bending test. (H) The microarchitectural of the femoral neck trabecular was determined by H&E staining.
The effect of lentivirus-TAZ administration on femoral neck histomorphology
The femurs of OVX-rats were analyzed by MicroCT. Bone parameters including BV/TV, Tb. Th, Tb. No, and Tb. Sp were calculated using Scanco software to analyze the trabecular Fig. 5A , the ratio of bone volume to total tissue volume (BV/TV) increased significantly and lasted at least for 3 months when TAZ was introduced into the OVX-rats via lentivirus. The thickness of trabecular (Tb.Th) was increased dramatically after TAZ was overexpressed (Fig. 5B) . Similar changes also occurred in the number of trabecular (Tb. No, Fig. 5C ). Consistently, the separation extent of trabecular (Tb. Sp) was downregulated after TAZ was overexpressed locally (Fig. 5D) . To exclude the possibility that increase of bone mass is caused by decreased bone resorption induced by TAZ, we detected the mRNA expression of osteoclastic specific genes, including tartrateresistant acid phosphatase (TRAP) and Cathepsin K. The mRNA levels of TRAP (Fig. 5E ) and Cathepsin K (Fig. 5F) were not changed after TAZ administration, demonstrating that TAZ did not affect bone resorption. These results further confirmed the function of TAZ in stimulating osteoblastogenesis and bone formation. The bodyweights of the rats at the indicated time points after lentivirus was administrated. (F) At the indicated time points after lentivirus was administrated, serum of differently treated rats were collected for determination of TG using an automatic analyzer. (G) The serum levels of Cho were determined using an automatic analyzer.
Discussion
Osteoporosis is a condition characterized by a decrease in the density of bone, decreasing its strength and resulting in fragile bones [1] . Osteoporosis affects 55% of Americans aged 50 and above. Of these, approximately 80% are postmenopausal women [17] . Postmenopausal osteoporosis is attributable to the estrogen deficiency after menopause. Estrogen deficiency increases bone resorption and influences bone turnover and bone loss [3] . Clinically, hormone replacement therapy (HRT) has been widely used as a therapeutic strategy for postmenopausal osteoporosis [18] . However, long-term application of HRT has potential malignant effects on reproductive systems [19] . Other drugs that stimulate bone formation (e.g., growth hormone, and parathyroid hormone) or inhibit bone resorption (e.g., bisphosphonates) may prevent bone loss progression, but with compromised efficacy due to the coupling regulation between bone resorption and formation [5, 6] . Osteoporotic bones, such as distal radius, vertebral body and femoral neck, are vulnerable to minor injuries, which will result in osteoporosis-associated fractures. Osteoporotic fractures impair a patient's function and quality of life and represent one of the major public health burdens. Demographic changes predict a dramatic increase in osteoporosis-associated fractures. Therefore there is a high demand to find an efficient and less harmful way to prevent and treat osteoporosis and osteoporosis-associated fractures.
The increase in marrow adipogenesis associated with osteoporosis and age-related osteopenia is well known clinically. However, we are only now beginning to understand the mechanisms that control the differentiation of MSCs to either osteoblasts or adipocytes.TAZ has been linked with the development of bone, fat, limb, kidney, muscle, heart and lung tissues, and functions as a molecular rheostat, promoting MSCs differentiation into osteoblastic lineages by coactivating Runx2 and blocking MSCs differentiation into adipocyte lineages by repressing PPARγ-dependent gene transcription [11] [12] [13] [14] [15] . Promoting MSCs differentiate into osteoblasts other than adipocytes represents a promising direction for the targeted strategy for the prevention and treatment of postmenopausal osteoporosis. Therefore, TAZ could be exploited as a potential target.
In this study, we used ovariectomized rat model to systematically investigate the effects of local TAZ gene delivery on prevention and treatment of estrogen deficiency-induced osteoporosis. The ovariectomized rat model is a widely used model to evaluate the efficacy of new drug entities to prevent or treat postmenopausal osteoporosis. Surgical ovariectomy results in a state of high bone turnover and rapid bone loss, which have many similarities between the phenotypes observed in OVX rats and humans [20] . Here, we found that ovariectomy significantly increased serum ALP and OCN, as well as serum CTX and urinary HOP compared with the sham rats. Moreover, ovariectomy reduced BMD, biomechanical characters (ultimate force and stiffness), and deteriorated the microarchitecture of trabecular. Injections of lentivirus overexpressing TAZ into the femoral neck of OVX rats significantly increased the BMD, ultimate force, and stiffness of the injected region. Lentivirus-TAZ administration decreased Tb. Sp in OVX rats and significantly increased BV/TV, Tb. Th, and Tb. No. in the same region. Based on the effect of lentivirus-TAZ on the phenotypes of femoral neck region in OVX rats, our results confirmed that TAZ has potential to be utilized as an alternative target for the prevention and treatment of postmenopausal osteoporosis and osteoporosis-associated fracture.
Serum levels of ALP and OCN are phenotypic markers of osteoblastic differentiation and bone formation, while serum CTX and urinary HOP serve similar roles in monitoring bone resorption [21] . After OVX, the serum levels of ALP and OCN were significantly increased, indicating an increased bone formation. This is consistent with the previous reports that estrogen deficiency-induced osteoporosis is high turnover type of osteoporosis [4] . We did not detect the alteration of serum bone resorption indicators. TAZ gene administration in the femoral neck of ovariectomized rats did not change the serum levels of bone formation indicators, either or that of adipogenesis indicators, that is probably because local gene delivery could alleviate the local osteoporotic phenotypes but not that of whole body.
BMD is the gold standard for the evaluation of osteoporosis risk [22] . In our study, BMD of femoral neck was markedly decreased in the OVX rats compared with the sham controls. The improved BMD during the 3-months treatment with lentivirus-TAZ indicated that TAZ could prevent the bone loss induced by ovariectomies. Both BMD and trabecular bone microarchitecture may improve bone strength. Bone microarchitecture and remodeling are assessed by MicroCT analysis, which is a widely used method to analyze bone volume and architecture [23] . In the present study, we analyzed BV/TV, Tb. Th, Tb. N and Tb. Sp of the femoral necks as the structural parameters. Our results revealed that lentivirus-TAZ treatment obviously increased BV/TV, Tb. No, Tb. Th and decreased Tb. Sp compared to the OVX group. These histomorphological parameters strongly supported TAZ as an inhibitor of OVX-induced bone loss.
Lentivirus-mediated gene therapy is a promising strategy for the prevention and treatment of many diseases. Lentivirus can infect both dividing and non-dividing cells. After enter the cell, the genes that lentivirus carries could integrate into the genome of the host cell, and express with a sustained manner. Moreover, lentivirus could be easily packaged and purified at a high titer [24] . Therefore, it is of great value to exploit lentivirus as vector for gene therapy.
In summary, this is an original report to demonstrate that the exogenous delivery of TAZ can improve the quantity and quality of bone in an OVX-rat model of osteoporosis. This study may enable the development of a potential therapeutic option for the relief of estrogen deficiency-induced osteoporosis, and prevention and treatment of osteoporosis-associated fracture in postmenopausal women.
